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Abstract

This paper introduces a new algorithm called whisker weaving for constructing
unstructured, al-hexahedral finite element meshes. Whisker weaving is based on the
Spatial Twist Continuum (STC), a global interpretation of the geometric dual of an al-
hexahedral mesh. Whisker weaving begins with a closed, all-quadrilateral surface mesh
bounding a solid geometry, then constructs hexahedral element connectivity advancing
into the solid. The result of the whisker weaving algorithm is a compl ete representation of
hex mesh connectivity only: Actual mesh node locations are determined afterwards.

The basic step of whisker weaving isto form a hexahedral element by crossing or
intersecting dual entities. This operation, combined with seaming or joining operations in
dual space, is sufficient to mesh simple block problems. When meshing more complex
geometries, certain other dual entities appear such as blind chords, merged sheets, and self-
intersecting chords. Occasionally specific types of invalid connectivity arise. These are
detected by a general method based on repeated STC edges. This leads into a strategy for
resolving some cases of invaliditiesimmediately.

The whisker weaving implementation has so far been successful at generating meshes for
simple block-type geometries and for some non-block geometries. Mesh sizesare currently
limited to afew hundred elements. While the size and complexity of meshes generated by
whisker weaving are currently limited, the algorithm shows promise for extension to much
more general problems.



Introduction

1. Introduction

Finite element analysisis used to model physical phenomenain awide variety of
disciplines, including structural mechanics and dynamics, heat transfer, and computational
fluid dynamics (CFD). To perform any of these analyses, the problem domain must first be
discretized into a mesh of regular one-, two- or three-dimensional elements. Traditionally,
generating a mesh for a given problem has been very tedious, time consuming and error
prone. Furthermore, increasing computer speeds have made the non-automated mesh
generation process even more of a bottleneck in the design and analysis process.
Automated meshing agorithms reduce this bottleneck and free the analyst to concentrate
on more important design and analysis i ssues.

Automated meshing algorithms for general three-dimensional volumes traditionally give
tetrahedral- or hexahedral-shaped elements, or a combination of the two types. A mesh is
constrained in terms of how elements share subfacets; this problem is much less
constrained for tetrahedral or mixed element meshes, hence tetrahedral and mixed element
meshing algorithms have received the most attention in the past. However, dueto increased
accuracy and efficiency of 8-node hexahedral elementsfor non-linear structural mechanics
and other applications, there is a growing demand for all-hexahedral meshing algorithms.

Currently, there are no perfect all-hexahedral meshing algorithms. Typica undesirable
featuresinclude alack of automation, boundary insensitivity (i.e. placing poorly shaped
elements close to geometric boundaries), input-orientation sensitivity, and large mesh size
(i.e. too many elements). One method used for generating all-hexahedral meshesis
isoparametric (ijk) mapping [1]. Although this algorithm is very robust for block-type
geometries, it is difficult to automate for general three-dimensional geometrieg2],[3].
Also, refinements required in a particular region propagate along all three principal
directions of the map. Thisresultsin an unnecessarily large number of elements, which
increases analysis time. The mapping method is available today in most mesh generation
tools [4],[5].

Another well-known meshing algorithm is based on the finite octree approach [6]. Octrees
have been widely used to generate tetrahedral meshes, and are now being used to generate
all-hexahedral meshes. While these algorithms produce structured elements on the interior
of the volume, they generally produce poorly-shaped elements on the boundary. Boundary
fitting algorithms must al so grapple with numerous special cases, contributing to alack of
robustness. Octree-based algorithms are al so orientation sensitive, meaning that adifferent
mesh is generated if the volumeis rotated and re-meshed.

The plastering algorithm [7] is the three-dimensional analogue of the paving algorithm[9].
That is, plastering builds an all-hexahedral mesh by starting with an all-quadrilateral
surface mesh, and then iteratively projecting mesh faces into the un-meshed volume to
create hexahedra. The algorithm is orientation insensitive. However, combining fronts can
be quite difficult because of how subfacets are shared between elements. Devel opment of
the plastering algorithm has recently been discontinued in favor of the whisker weaving
algorithm.



The Spatial Twist Continuum (STC) isaglobal construct built on the dual of an all-
hexahedral mesh [10]. In the STC, the mesh dual is represented by an arrangement of
intersecting surfaces which bisect hexahedral elementsin each direction, forming curves
and vertices of intersection.

This paper introduces a new algorithm, called whisker weaving, which is based on
information encapsulated in the STC. Whisker weaving buildsthe dual representation of an
all-hexahedral mesh using an advancing front method, starting with a geometry and an all-
quadrilateral surface mesh. Whisker weaving simplifies the all-hexahedral meshing
problem by first determining the connectivity of an all-hexahedral mesh without regard to
its geometric embedding; thus, the most constrained part of the problem is solved first.
Hexahedral mesh entities (nodes, edges and hexes) are constructed by converting the dual
and then iteratively smoothing to generate the geometric position of the mesh nodes. The
algorithm to convert the dual to a normal mesh, referred to as primal construction, is not
described in detail here.

This paper is organized as follows. Section 2 gives a description of the dual information
encapsulated in the STC and how it can be used to derive connectivity information about a
mesh. Section 3 describes the basic whisker weaving algorithm, which is sufficient to
derive mesh connectivity for basic block-type geometries and surface meshes. Section 4
introduces several STC entities appearing when meshing more complicated geometries.
Section 5 discusses the detection and resolution of someinvalid connectivity cases arising
in whisker weaving. Section 6 contains a number of examples which show both the
generality and some of the limitations of the current whisker weaving algorithm. Finally,
Section 7 contains a summary and discusses directions for future research.



The Spatial Twist Continuum

2. The Spatial Twist Continuum

A fundamental difficulty of automated meshing isthat a mesh is constrained in terms of
how elements can share subfacets. This problem is much more difficult and highly
constrained for all-hexahedral meshes than for al-tetrahedral or mixed-element meshes.
These constraints are encapsulated for al-hexahedral meshes by viewing the geometric
dual of the mesh as an arrangement of surfaces; thisarrangement is called the Spatial Twist
Continuum[10], abbreviated STC. The STC is the fundamental data structure used by
whisker weaving.

Figure 1. A solid composed of two hexahedra, showing whisker sheets (1-4), chords
(A-E) and STC vertices (a-b).

The mesh composed of two hexahedral elementsin Figure 1 is used to introduce the dual
information encapsulated by the STC. There are three planes bisecting each element; these
planes are referred to as whisker sheets or simply sheets. Whisker sheets can be thought of
asgeneral surfaceswhich propagate through ahexahedral mesh, bisecting each hexahedron
between pairs of faces. The mesh in Figure 1 contains four sheets, numbered 1-4. The
arrangement of these surfacesisreferred to asthe STC. The cell complex induced by the
intersection of the surfacesis precisely the mesh dual. Present even in unstructured meshes,
a sheet represents alayer of hexahedral elements which pairwise share faces.

The curve formed by the intersection of two sheetsis called awhisker chord; there arefive
chordsin Figure 1, A-E. Chords represent a column of elements which propagates through
the mesh. For example, chord E in Figure 1 definesthe column formed by the two elements
in this mesh. Each hexahedral element corresponds to adual entity, called an STC vertex,
which isthe intersection of three sheets (also the intersection of three chords). So, in
Figure 1, STC vertex aisformed by the intersection of sheets 1, 2 and 3, (at chords A, B



and E); STC vertex b isformed by the intersection of sheets 1, 2 and 4 (at chords C, D and
E).

The intersection of a sheet with the geometric surface is aclosed curve called aloop,
representing the dual of a cycle of surface quadrilaterals which pairwise share opposite
edges. Each boundary faceis part of two loops, and is the starting point of a chord. Note
that asheet can contain many (or zero) loops, but in practice most sheets have asingle loop.
Also, aloop canintersect itself, resulting in a self-intersecting sheet. Sheetswith morethan
one loop and with self-intersections are discussed in more detail in Section 4.

The one-to-one correspondence between dual (STC) entities and mesh entitiesis shown in
Table 1. A mesh facet of dimension d corresponds to a STC facet of dimension 3—d.

Table 1. Correspondence between STC and mesh entities.

STC Entity Dimension Mesh Entity Dimension
STC vertex 0 Hex 3
STC edge 1 Face 2
STC 2-cdll 2 Edge 1
STC 3-cell 3 Node 0

Sheet diagrams

Whisker sheets are 2-dimensional surfaces twisting and crossing in space. Their
combinatorial crossings with other sheetsis explicitly represented, but their geometric
positionisonly implied. In the case of whisker weaving, sheets can always be drawn in the
plane as sheet diagrams. Intuitively, asheet isflattened so that itsloop forms apolygonin
the plane and its chords are line segmentsinside this polygon.” Whisker weaving buildsthe
STC in an advancing front manner. Hence at most stages of the algorithm a sheet diagram
will only define the outermost intersections with other sheets. An example sheet diagram
isshown in Figure 2.

Each chord on a sheet, formed by the intersection with another sheet, is represented by a
sequence of edges on the sheet diagram. Since a chord is the intersection of two sheets, it
must be represented on two sheet diagrams. To distingui sh between the two representations
of achord, each representation is referred to as a sheetchord. Thus, a chord has two
corresponding sheetchords. Most chords start at a quadrilateral face of the given surface
mesh, shown as a vertex of intersection with the loop. Thisintersection islabeled outside
the polygon with the id of the corresponding mesh face, and inside with theid of the other
sheet passing through the mesh face (the other sheet number). The portion of a sheetchord
lying between two verticesisan edge of thedual, called an STC edge. An STC edgeisdual
to amesh face. The entities on the advancing front have special importance: The last edge

*Sheet diagrams for self-intersecting sheets and sheets with more than one surface loop are more
complicated, and are discussed in Section 4.
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Figure 2. A sheet is represented with its loop as an n-sided polygon, where n is the
number of quadrilateral faces on the loop. The rest of the sheet diagram lies inside the
loop.

in the sequence for a chord represents a quadrilateral face on the advancing front, and is
called awhisker.

An STC 2-cell isapolygon bounded by two or more STC edges. An uncompleted 2-cell is
the collection of STC edges between two adjacent whiskers, inclusive. An STC 2-céllsis
dual to amesh edge.

An STC vertex isdual to amesh hex. These vertices are sometimes called whisker hexesto
emphasize the fact that they represent only the connectivity of a normal hex element and
not its geometric position. Since each whisker hex isformed by the intersection of three
sheets, it appears as a vertex on three sheet diagrams. Furthermore, these vertices are the
pairwise crossings of three chords.

Figure 2 shows the sheet diagram for sheet 5 in anew example. Recall that the chord with
label 16 outside the loop and 1 inside the loop for sheet 5 begins at face number 16 and is
formed by the intersection of sheets 5 and 1. This chord is represented by a sheetchord on
sheet 5 (uniquely labelled the 16-1 sheetchord) and al so by a sheetchord on sheet 1 (the 16-
5 sheetchord). Thefirst STC edge on this sheetchord (between the loop and STC vertex 2)
represents face 16, while the first STC vertex on this sheetchord represents hex element
number 2. The STC 2-cell bounded by STC vertex 2 and the loop intersections of chords
16-1 and 17-4 represents the mesh edge shared by faces 16 and 17.

An STC 3-cell isdual to amesh node. An STC 3-cell is a polyhedron whose bounding
surfaces are STC 2-cells. For smplicity, STC 3-cells are not explicitly represented: they
are only needed during primal construction, where they are generated on the fly.



STC Edge Traversal

An important whisker weaving procedure is the traversal of consecutive STC edges
bounding a 2-cell of awhisker sheet. For example, adjacent whiskers are found in this
manner. Even before a sheet is completely woven, the STC contains valuable mesh
connectivity information. To see this, consider the following example. Figure 3 shows a

Figure 3. Partially completed sheet diagram (l€eft); top view of three hexes superim-
posed on some of the chords making up those hexes (right).

sheet diagram with the top faces of three hexes superimposed with dotted lines. Whiskers
W1 and W2 are on the current meshing boundary, and bound aSTC 2-cell. The STC edges
E1-E4 between W1 and W2 are dual to faceswhich shareacommon mesh edgee. TheSTC
vertices on that STC 2-cell represent hexes h1-h3 which also share edge e.

Edge traversal can be used to find important features of the STC. Whisker weaving
occasionally creates an STC locally dual to two faces sharing two edges. Thisis the most
basic invalidity created: most other invalidities contain one or more pairs of faces which
share two edges. The detection of thisinvalid connectivity is performed in STC space, and
is based on “repeated STC edges’. In the previous paragraph it was shown that a pair of
STC edges in the same 2-cell represents a pair of faces sharing an edge. Likewise, if two
STC edges are part of two distinct 2-cells (i.e. they are “repeated” in both 2-cells), they
represent apair of faces which share two edges. Repeated STC edges are found by
traversing the 2-cells next to both whiskers of achord, searching for another STC edge that
appears twice in these 2-cells. If such an STC edge is found, there are two repeated STC
edges, and an invalidity has been found.

For example, consider the two sheet diagrams shown in Figure 4. The ends of the 7-2 and
12-2 sheetchords are part of the same STC 2-cell on sheet 1, which means they share the

edge represented by that 2-cell. The same whiskers (sheetchords 7-1 and 12-1) are part of
the same 2-cell on sheet 2, meaning that they share another edge represented by a different
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1 2

1 1
Figure 4.  Two sheets showing arepeated STC edge.

2-cell. This signifies that the faces dual to the whiskers share two edges.

After the detection of arepeated STC edge pair, theinvalid connectivity must either be
resolved immediately or left in place in the form of an invalid element. The resolution of
invalid connectivity is described in Section 5.



3. The Whisker Weaving Algorithm

One of the primary uses of the STC isto visualize the three-dimensiona meshing problem
as a series of inter-dependent two-dimensional problems. The STC arrangement, which
consistsof acollection of intersecting three-dimensional surfaces (whisker sheets) in space,
isinitially defined by a collection of incomplete, two-dimensional sheet diagrams. The
whisker weaving algorithm starts with this arrangement and builds the connectivity of an
all-hexahedral or mostly-hexahedral mesh, starting from the boundary mesh and moving
inward. The algorithm seeksto build mesh connectivity through the application of asimple
set of rules which govern the formation of individual hex elements (hexes), and the
resolution of local connectivity problems. Animportant feature of the algorithm isthat the
set of rulesiskept very ssimple; in particular, every effortismadeto avoid special caserules
that may not apply to geometriesin general.

The starting point for whisker weaving is a set of quadrilaterals defining a surface that
encloses a 3-dimensional volume. The surface mesh can be generated with any suitable
algorithm, for example mapping [1] or paving [9]. Whilein general the volume can have
arbitrary geometry and topology, in practice topological balls have been easier to mesh.

In this section, the whisker weaving algorithm will be described as it appliesto avery
simple example problem. I ssues arising when applying the algorithm to more complicated
problems are discussed in later sections. The geometry and surface mesh for this example,
referred to here as the “small corner hex” problem, are shown in Figure 5, where the two

.7’
Vg

Figure 5. Geometry and surface mesh for the small corner hex problem.

views show the front faces (left), and a cutaway view of the back faces (right). Faces are
also numbered, for reference.

In its simplest form, the whisker weaving algorithm consists of four steps. After an
initialization step, the next three steps create a hex and resolve some connectivity
invalidities. The same three steps are repeated until the entire hexahedral mesh is
completed. Block-type solids with regular surface meshes can be meshed using just these
steps, while more complicated examples require additional steps, which are discussed in
Section 4. The four steps are.

1. Construct initial loops, sheets, chords and sheetchords.

10
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2. Find three pairwise adjacent chords.
3. Construct awhisker hex by crossing the 3 chords.

4. Check for invalid connectivity on all sheetsinvolved in the hex just formed.
These steps are now described in detail.
1. Construct initial loops, sheets, chords and sheetchords.

Given asurface mesh, aloopisinitialized by picking any untraversed quadrilateral edge as
the starting edge, and traversing to the opposite quadrilateral edge. The opposite edgeis
shared with another quadrilateral, so the traversal is repeated until the starting edgeis
reached from the other side. The loop puts the mesh faces on an ordered list asit passes
through them.

All loops have been formed when all quadrilaterals are crossed by two loops. Initially, a
unigue whisker sheet isdefined for each loop. (Later, some sheets might be merged to form
one sheet with multiple loops.) There are four loops for the example problem (see

Figure 6). After the loops are created, a chord and its corresponding sheetchords are
constructed for each mesh face. Figure 7 shows the corresponding four sheet diagrams for
this example.

Figure 6. Whisker sheet loops for the small corner hex problem.

1 2 3
Al j
1 @@

Figure 7.  Whisker sheet diagrams for the small corner hex problem. Sheet numbers are
shown in upper corner of each sheet diagram; for each sheetchord, the loop face id is writ-
ten outside the loop, and the other sheet number for the sheetchord is written inside the
loop.

11



2. Find three pairwise adjacent chords.

In the whisker weaving algorithm, hexes are formed by crossing three chordsto form three
STC vertices. Thisisshown on sheet diagrams by the crossing of three pairs of sheetchords
on three sheets. In mesh space, this represents the formation of a hex using three faces
which pairwise share three edges.

To find the three chords required to form a hex, apair of adjacent whiskerson any sheet is
chosen and alocal search of the corresponding whiskers on the two “other” sheetsis
conducted to seeif aproper third chord can befound. For example, in Figure 7 the 12-2 and
5-3 whiskers on sheet 1 are chosen as candidates; this completely defines the three sheets
used to form the next hex (sheets 1, 2 and 3). A proper third chord must be the intersection
of sheets2 and 3. Thethird chord isfound by examining the adjacent whiskers on the other
two sheets (sheets 2 and 3): weaving checks for the existence of achord corresponding to
facef, such that whisker f-3 is adjacent to whisker 12-1 on sheet 2, and whisker -2 is
adjacent to whisker 5-1 on sheet 3. In Figure 7 the chord with whiskers 2-3 and 2-2 on
sheets 2 and 3, respectively, is chosen to be the third chord. Figure 5 shows that this
corresponds to forming a hex using faces 2, 5 and 12; the figure shows that these faces
pairwise share three edges.

Sometimes there is no third chord with whiskers adjacent to those for the first two chords
onthe other two sheets. |n hex spacethis correspondsto there being no third face that shares
edges with the first two faces. This caseis described in Section 4.

3. Construct awhisker hex by crossing the 3 chords.

Thethree chords are crossed to form anew whisker hex; the three vertices are labeled with
the whisker hex id. The three sheetsinvolved in the first crossing are shown in Figure 8.

21

1 1

Figure 8. Whisker sheet diagrams for the example problem after the formation of the
first whisker hex.

There are some cavests as to which chords can be chosen in step 2. In particular, the
formation of hexes with very large or very small angles between face pairs on the exterior
geometry must be prevented. In terms of STC entities, thisrestriction is stated as follows:

Rule 1: Do not cross bare whiskers except around geometric corners.

12



The Whisker Weaving Algorithm

Bare whiskers are defined as sheetchords which contain no STC vertices, and correspond
in hex space to faces on the surface mesh which have yet to be attached to a hex element.
Rule 1 prevents the use of two faces in the same hex whose interior angle is not close to
n/ 2. Figure 8 showsthat al whiskersinvolved in thefirst crossing are bare, and that there
isindeed ageometric corner (indicated by ahash mark on the outer loop) between each pair
that crosses. Faces in the interior of the volume have some flexibility in their geometric
embedding, so thisruleis not tested for non-bare whiskers. However, there are other rules
to prevent the formation of poorly-connected hexes (e.g. two hexeswhich share two faces).
These rules are introduced later in this section.

Following the formation of thefirst whisker hex, asecond whisker hex can beformed using
steps 2 and 3. Figure 9 shows the sheets involved in the formation of the second whisker

1 2

1 1

Figure 9.  Whisker sheet diagrams for the example problem after the formation of the
second whisker hex.

hex (sheets 1, 2 and 4).
4. Check for invalid connectivity on all sheetsinvolved in the hex just formed.

It is possible that forming a crossing introduces invalid connectivity in the mesh. For
example, in Figure 9 the whiskers of the chords beginning at faces 7 and 12 are adjacent on
sheet 1 and also on sheet 2. Thisis an example of arepeated STC edge pair, discussed
earlier, which representsinvalid mesh connectivity. Theresolution of thisproblemistojoin
the two chords. Since the dual representation of achord isa column of hexes, in hex space
achord join corresponds to seaming two facestogether, which joinstwo columns of hexes.
A chord join always appears on two sheet diagrams, because chords are formed by the
intersection of two sheets.

Joining two chords removes four dangling whiskers from two sheet diagrams. Since this
preventsthe formation of any more hexes on those chords, chord joinstend to minimizethe
number of elementsformed in amesh. In most mesh generation algorithms, the twin goals
of small mesh size and good element shape compete. However, in this phase of the whisker
weaving a gorithm there is no geometric information, so element shapeisnot a
consideration. In practice, the quality of elements formed by whisker weving depends
heavily on the density of the surface mesh; for coarse surface meshes, the resulting hex

13



quality israther poor, sinceit ismore constrained by the geometry. The converseistruefor
weaves derived from finer surface meshes. Hence the algorithm simply triesto add as few
elements as possible by joining chords whenever possible:

Rule 2: Join chordswhenever it isallowed.

By repeating steps 2-4, the remaining parts of the example problem can be meshed. The
final whisker sheet diagramsfor the example are shown in Figure 10.The compl etion of the

1 2 3 1 1 4
| | L@ | g 6@
1 1

Figure 10. Final whisker sheet diagramsfor small corner hex example.

weaveisindicated by the absence of any dangling whiskers. A completed weave represents
the entire connectivity of the all-hexahedral mesh. Note that whisker weaving does not
yield any information about the geometric position of hex elements, and does not determine
actual element or node positions in the interior of the volume. However, given avalid
connectivity, these positions can be determined in arelatively straightforward manner
using the primal construction algorithm (this algorithm will be described in an upcoming

paper).

In its ssmplest form, the whisker weaving agorithm can be thought of as a heuristic for
making connectivity crossingsin dual space, with the goal of completely specifying the
connectivity of an all-hexahedral mesh. The algorithmislocal in nature; that is, it performs
no global search to determine the “best” crossing to make. Because of the local nature of
the algorithm, whisker weaving has very low complexity, of O(n), where n isthe number
of hexes formed. However, also because of the local nature, whisker weaving may not
produce the optimal mesh connectivity, e.g. it may produce more than the optimal number
of irregular nodes (interior nodes in 3d which are connected to more or less than 6 edges).
Also, the heuristic nature of the algorithm sometimes causes it to form hexes which
subsequently need to be removed. These problems have proven to be tractabl e, though, and
are asmall priceto pay for the speed of an O(n) algorithm.

4. Special STC Constructs

This section discusses specia types of chords and sheets which arise when meshing more
general geometries and surface meshes. These entitiesinclude blind chords, merged sheets,
and self-intersecting loops, sheets, and chords.

14



Special STC Constructs

Blind Chords

In Section 3, all whisker chords begin and end on the geometric surface. However, for some
geometries and surface meshes, there are chords which never emerge on the geometric
surface. These types of chords are referred to as blind chords. An example of a geometry
and surface mesh which contain blind chordsis shown in Figure 11, referred to as the

Figure 11. Geometry and surface mesh for the macaroni problem, where meshing results
in blind chords and merged shests.

“macaroni” problem for obvious reasons. A natural place to start meshing this problem
would be to place aring of elements around the end cap of the geometry. Thisring of
elements has a blind chord running through it which never emerges on the geometric
surface.

A blind chord is formed when a hex is created using only two pre-existing faces. For
example, forming ahex using facesmarked aand b in Figure 11 would form ablind chord.
Since these two faces share one edge, there is one sheet common to them. The other two
sheets of the hex are the other sheets of the two faces. The blind chord is an intersection of
these non-shared sheets, and therefore its whiskers are drawn on those sheets.

An example sheet diagram containing a pair of newly created blind chordsis shownin
Figure 12. Theoretically, there are only afew differences between a blind chord and an

Figure 12. Loop and sheet diagram for sheet 4 of the macaroni problem.

15



ordinary chord. Since ablind chord does not begin on aface of aloop, it can advance in
two directions. To maintain consistency, a blind chord is represented in the whisker
weaving implementation as two chords, each of which can advance independently.

There are two ways in which a blind chord can be completed. First, it can join with itself,
in which case it forms a closed curve completely inside the mesh. Second, it can join with
an ordinary chord, in which caseit is appended to that chord and the blind chord goes away.

Merged Sheets

Thefirst step in the whisker weaving algorithm was to form loops on the surface mesh,
where each loop was assumed to define a unique sheet. In the final mesh for the example
problem in Section 3, each sheet contained exactly one loop on the geometric surface.
However, thisis not always the case for more general 3-dimensional meshes. In fact,
whisker sheets can have two or more loops of faces (or zero) on the surface mesh. For
example, the macaroni problem shown in Figure 11 contains two face loops (shown with
dotted lines) which are eventually merged into the same sheet. Merged sheets often occur
in annular and cylindrical solids.

Since whisker weaving starts by assuming each loop is on aunique sheet, at some point in
the weaving process a decision must be made to merge sheets together. This decisionis
based on quality criteriaand is made when two meshing fronts meet. The criteria currently
used to motivate a sheet merge are the following:

» Two hexes share an edge.

» Two of the faces containing the shared edge, one in each hex, are on the geometric

boundary, and are nearly co-planar.”
* The two adjacent faces, one in each hex, do not have the same two shests.

Surface faces (meshed)
Partially meshed edge

Sheet 10
\
Sheet 1 / A
/ Facea / Face b

/I /{\

Figure 13. Hex connectivity resulting in a sheet merge. Faces ¢ and d will be seamed,
leading to the merging of sheets 2 and 10.

Sheet 2

Facec

*A pair of faces are considered co-planar if their dihedral angle is between 150 and 225 degrees.

16



Special STC Constructs

For example, Figure 13 showsthe two hexes which share an edge. The two co-planar faces
are labelled a and b, and the two faces to be seamed are labelled ¢ and d. Since the criteria
for a sheet merge are met here, the non-common sheetsin faces ¢ and d (sheets 2 and 10)
must be merged.

128 25 124 104

Figure 14. Whisker sheet diagram indicating the need for a sheet merge.

Figure 14 showsthe STC datafor an exampl e of thissituation which occursin the macaroni
problem. Here, hexes 29 and 32 share a mesh edge (i.e. they are in the same 2-cell). The
vertices representing these hexes are both directly connected to the loop by STC edges,
indicating that they contain faces in hex space that are on the geometric boundary. These
faces are co-planar (this can be tested using data for each boundary face). The other two
faces sharing the mesh edge are indicated by the adjacent whiskers extending from hexes
29 and 32. Since these whiskers have different sheets (sheet 2 versus sheet 10), they cannot
be joined directly. By the criterialisted above, sheets 2 and 10 can be merged and the two
faces seamed.

When one sheet ismerged into another, the resulting sheet containstwo separate faceloops.
These loops are joined in STC space by asingle chord. Thisis represented graphically by
drawing an inner and an outer loop, joined by the chord connecting them. The resulting
sheet merge from the example above is shown in Figure 15. Note that thereisno
topological distinction between the inner and outer face loops. After the sheets have been
merged, but before weaving continues, there is a single chord joining the inner and outer
loops. The sheet has a single contiguous loop of whiskers, and therefore can be woven like
any un-merged sheet.

For certain geometries and surface meshesit is desirable to join more than two loops. For
example, for a cylinder with asmall cubical indentation (not on an endcap), it would be
advantageous to join the two endcaps and the four-chord loop around the indentation.
Indeed, arbitrarily many indentations could be added to the geometry, leading to arbitrarily
many sheet merges.The case of a single sheet having three or more distinct face loops
would be represented by more than one inner face loop.

17



Figure 15. Sheet after merging; inner and outer loops represent two loops of faces on the
surface mesh.

The sheet merge criteriaiscurrently based on both geometric and connectivity information.
Because whisker weaving generates only connectivity information on the interior of the
mesh, the current sheet merge detection criteriawill not work there. The development of
sheet merge criteria based solely on connectivity information is afocus of current research.

Self-Intersections

When aloop passes through a quadrilateral twice, crossing itself, it is called a self-
intersection. Self-intersecting sheets and loops are a complication in the STC that is quite
common, arising from surface meshes with irregular nodes (e.g. nodes in the middle of a
geometric surface with more or lessthan 4 edges connected to them). Each self-intersection
of aloop implies a self-intersecting chord, and implies that the sheet defined by theloop is
also self-intersecting. For example, in the macaroni problem in Figure 11 two of the eleven
loops self-intersect atotal of 20 times.

Certain STC vertices appear in adightly different way on self-intersecting sheets than on
normal sheets. If two of the three sheets defining an STC vertex are the same, then the
recurring sheet is by definition a self-intersecting sheet. The vertex appears twice on the
self-intersecting sheet and once on the third sheet. If all three sheets are the same, then the
vertex appears three times on the self-intersecting sheet.

Self-crossing sheets are in practice more difficult to weave than sheets that do not cross
themselves. The existence of avalid STC is equivalent to the existence of amesh. For
volumes that are topologically aball, for there to exist avalid STC it is necessary and
sufficient for there to be an even number of surface quadrilaterals where aloop self-
intersects. This condition is equivalent to there being an even number of surface
guadrilaterals total. Some additional conditions are necessary and sufficient for toroidal
and other topologically complicated input. See [12] for the details.
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5. Connectivity Resolution in Whisker Weaving

All-hexahedral meshes are highly constrained in terms of how facets can connect to one
another. A common advancing front approach is to add a hexahedron that is of the right
general shape, but temporarily violates these constraints, and then make small local
changesto fix connectivity problems. For example, the plastering algorithm generates pairs
of mesh faces which share two edges[7]. Thisisthen fixed by a seam operation, which
merges the two faces into one face. Similar situations arise in the whisker weaving
algorithm. This section discusses the algorithms used in whisker weaving for detecting and
resolving invalid connectivity.

The mesh invalidities currently created by whisker weaving are all based on the base case
of two mesh faces sharing two edges. Because of this, al invalidity detection in whisker
weaving is based on the detection of repeated STC edges, described earlier. After its
detection, invalid connectivity must either be resolved immediately, or left in place in the
form of a degenerate element. The seam and removed hex seam resolution techniques are
described first, and afterwards the formation of degenerate knife elements are described.

Seam

Recall that the most common invalid connectivity problem arising in whisker weaving
algorithm is the case of two mesh faces which share two edges. The obvious solution isto
“seam” the two faces into one face. In STC space, this corresponds to joining two chords
together. This caseis described earlier, and for example motivates the joining of chords
beginning at faces 12 and 7 on sheets 2 and 4 in Figure 8. Note that after one chord joinis
performed, the adjacent chords should also be checked for possible joins.

Removed Hex Seam

In the simple seam exampl e, the repeated STC edges are both whiskers, that isdual to faces
on the meshing front, and are joined together without affecting the rest of the STC. Ina
removed hex seam case, one of the repeated STC edgesisnot awhisker. ThisSTC edgeis
dual to aface with ahex on either side of it, and not on the meshing front. Thisis resolved
by removing hex elements on the meshing front from the chord through the edge until the
edge is on the meshing front. Then the two whiskers are seamed normally.

Figure 16 shows an example of sheet diagramswith an unresolved removed hex seam case.
On sheet 5 (right), traversing from whisker a and going clockwise, STC edgesa and b fall
on the same STC 2-cell. On the other sheet (sheet 3, |€ft), traversing from the same STC
edge and going clockwise, STC edges a and b also are part of the same 2-cell. Since they
are not directly connected, hexes 96 and 162 contain two distinct faces which share two
edges. The chords which must be joined (representing aface seam) are the blind chord and
the chord beginning at face 101. However, this cannot be done until hex 157 is removed.
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Figure 16. Sheet diagrams showing aremove hex seam case for sheets 3 and 5 of the
macaroni problem.

Knife Formation

A knifeisa hgx-space object which was first introduced in connection with the plastering
algorithm [7] . It has the connectivity of a hexahedron that has had one face collapsed by
joining two opposite vertices (see Figure 17). Theface opposite the collapsed faceiscalled

Figure 17. A knife formed from a hexahedron, with nodes labeled a-g. Knife contains a
base face (abcd), four side faces (aedf, aebf, begf, cgfd) and two blade edges (ef, fg).

the base face of the knife (face abcd in Figure 17) and the other four faces are called side
faces (faces aedf, aebf, begf, cgfd in Figure 17). The collapsed face' s remaining edges
(edges ef and fg in Figure 17) are called the blade edges of the knife.

*Knives have previously been referred to as wedges,; however, this has lead to confusion in the
finite element community, which uses the same term to describe atriangular prism.
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In STC space, the chord going through the base face is referred to as the base chord. An
important property of knivesisthat the base chord is formed by a self-intersecting sheet;
this can be shown by drawing the loops on the surface of aknife asif it were the entire
geometry (see Figure 17). This sheet is called the base sheet; the other sheet through the
side facesis called the side sheet.

A knifeisindicated in STC space by a self-intersecting chord whose two sheetchords are
adjacent and therefore are part of the same STC 2-cell. The implication of thisisthat the
face represented by the end of the base chord shares two edges with itself. In other words,
two of the edges on that face have been merged into one edge. If these sheetchords are the
only two whiskers remaining on a sheet, they have two 2-cellsin common, one on either
side. In either case, there is a hex element which has had one of its faces collapsed; this
element, whichistheknife element, isrepresented by thelast STC vertex on the base chord.

The detection of the formation of aknife is based simply on two sheetchords of a self-
intersecting chord being adjacent. If this situation occurs, the two sheetchords are joined
together in STC space and the knifeisleft in place. Thisjoin operation is not the sameasa
normal chord join, as the self-intersecting (base) chord propagates into the volume but
never comes out; rather, it terminates inside the knife element. After the two sheetchords
are joined together, the whisker sheet diagram appears like anormal sheet, and weaving on
that sheet can continue. Thisis true because although a hex element is degenerate, it is
composed entirely of quadrilaterals, and meshing can continue as before.

An example of aknife that has been formed during whisker weaving is hex number 123 in
the sheet diagram in Figure 18. The base chord for this knife begins at face 25; this chord
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Figure 18. knifeformed in sheet 1 of the macaroni problem during whisker weaving, in-
dicated by the joining of two whiskers beginning at face 25.

a 2 -
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terminates within the solid, asindicated by the identical beginning face numbers on the
base chord at both intersections with the outer loop.

Figure 18 shows that two chord joins have taken place after the formation of the knife,
joining the chords that begin at faces 104 and 107 and faces 95 and 98. This demonstrates
how whisker weaving is able to proceed, deferring the knife resolution to a separate phase,
after all sheets are completely woven. Waiting until the STC is completely woven can also
result in better knife resolution, since more information is available [8].

Knife elements are produced by the plastering algorithm aswell. These elements allow the
generation of hex-dominant meshes for geometries and surface meshes for which an all-
hexahedral mesh cannot be generated. For example, avolume bounded by an odd number
of quadrilaterals can be closed using mostly hexes and an odd number of knife elements.

The mesh resulting from the whisker weaving algorithm described above can contain
invalid elements (knives), but isotherwise valid. Methodsfor resolving knivesin an al-hex
mesh have been developed and implemented in the plastering algorithm [11]; these
methods consist of either driving knives forward in the mesh or pulling them backward.
Analogous methodsfor driving or pulling knives based only on whisker weaving data have
been devel oped [8]. The important thing to realize is that resolving knivesin an otherwise
valid all-hex mesh is straightforward from a theoretical point of view. Thus, a meshing
problem can be considered solved when whisker weaving has generated an STC, even if
the STC contains knives.
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6. Examples

The parts of the whisker weaving algorithm described in previous sections have been
implemented inside the CUBIT mesh generation environment [13]. This environment is
suitable for testing new meshing algorithms because it provides many of the support
functions that would otherwise need to be developed; some of these functions are:

» Geometry import from ACIS solid model or FASTQ input [14]

* Limited geometry creation, transformation and boolean operations
* Various surface meshing algorithms including paving and mapping
* Graphics support for mesh and geometry visualization

* Mesh export in EXODUS |1 format [15]

CUBIT has the capabilities to provide whisker weaving with a volume bounded by an all-
guadrilateral mesh.

The small corner hex example was used to demonstrate the basic whisker weaving
algorithmin Section 3. In this section, two more examples are given which demonstrate the
whisker weaving algorithm, the double-fold problem and the macaroni problem (a 1/4
torus).

Double Fold Problem

The double fold problem has been used to study STC folds and corners, which are STC
entities arising from irregular nodes in a surface mesh (e.g. nodes on a surface which are
connected to more or less than four mesh edges) [10]. This example aso has asimple cube-
type geometry, but a more complicated surface mesh; these are shown in Figure 19.

Figure 19. Geometry and surface mesh for the double fold problem.

The mesh resulting from weaving this volume contains 17 hex elements. The sheet
diagrams are shown in Figure 20, while the wireframe mesh is shown in Figure 20. Note
that there are several 5-sided and 3-sided STC 2-cells, for example on sheets 2 and 3; these
higher and lower degree STC 2-cells are also referred to as folds. These cells propagate
through the mesh until they either emerge on the surface or meet inside the mesh with other
higher or lower degree STC 2-cells; these meeting points are referred to as corners. This
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Figure 20. Final sheetsfor the double fold example.

Figure 21. Wire frame view of final mesh for double fold example.

exampleillustratesthe fact that whisker weaving is adept at handling complicated surfaces
meshes in a general way.

Macaroni Problem

One of the more difficult geometry and surface meshes that has been completely meshed
to date with the whisker weaving algorithm isthe macaroni problem. Thisproblem consists
of a1/4 torus geometry, where the inner radius is much smaller than the outer radius. The
geometry and surface mesh for the macaroni problem are shown in Figure 22. All three
surfaces were meshed using the paving algorithm [9].
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Figure 22. Geometry and surface mesh for the macaroni (1/4 torus) problem.

Meshing the surface with arelatively constant mesh size results in many irregular nodes,
which makes this problem more difficult to mesh because of the large difference in inner
and outer radii. Intermsof STC entities, theirregular nodes and the quad faces surrounding
themtendto “redirect” the sheet loops, producing more self intersections. When the surface
mesh shown in Figure 22 is looped, 20 self-intersecting faces are produced, four on one
sheet and sixteen on another. These are the sheets that prove the most complicated to mesh.

The whisker weaving algorithm closed the macaroni problem with the following metrics:

* 170 hexes
* 6 wedges (I€eft in place)
* 6 removed hex seam operations

Of the nine sheets remaining after the completion of the weave (and after merging two of
theinitial sheetsinto one), four of them (sheets 4, 7, 8 and 9) correspond to disks of
elements on the two end caps of the geometry. Sheets 5 and 6 are referred to as “ stirrup”
sheets, because of the topology of their surface loops. Sheets 4-9 are shown in Figure 23.

Figure 23. Sheet diagrams for sheets 4-6 (top) and 7-9 (bottom) for the macaroni prob-
lem.
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Figure 23. Sheet diagrams for sheets 4-6 (top) and 7-9 (bottom) for the macaroni prob-
lem.

Note the similarity between sheets 4, 7, 8 and 9, and between sheets 5 and 6. These
similarities can be attributed to similarities in the surface loops and in the crossing sheets.

Thefinal sheet diagram for the merged sheet, shown in Figure 24, isinteresting for several

Figure 24. Final sheet diagram for sheet 10 of the macaroni problem, the merged sheet.

reasons. First, the weave is very asymmetric, due to the asymmetry between the inner and
outer radii of the macaroni. Second, there are some chords which connect the inner and
outer loops, while there are others which begin and end only on the outer loop. The outer
loop happensto be on the same end cap asthat crossed by the loops of sheets5 and 6, which
do not cross the opposite end cap.

The most interesting sheets for this problem are sheets 1 and 3, which contain all the self
intersections (see Figure 25). Sheet 1 contains four self intersections on the face loop. Two
of the chords corresponding to these faces join up into a single chord; this chord begins at
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Figure 25. Final sheet diagram for sheets 1 and 3 of the macaroni problem.

face 104 and ends at face 107 in Figure 25. The other two chords beginning at self
intersecting faces terminatein wedgesinside the mesh. The chord beginning at face 25 ends
in awedge element, which isindicated as vertex 123, while the chord beginning at face 17
endsin awedge element at vertex 179. These wedges are currently left in the mesh. Recall
that a wedge can be easily removed by pulling it out, closing a mesh face on the surface.

Sheet 3in Figure 25 has 12 self-intersecting chords which pairwise join, forming 6 fina
self-intersecting chords which begin and end on the surface mesh. Four self-intersecting
chords are terminated in the mesh in wedge elements. These chords begin at faces 23, 99,
120 and 123. Pulling all the wedges represented in sheet 3 would result in 4 additional
sheets, al much smaller than the original sheet 3, which has 110 facesin its face loop.
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7. Conclusions

The mesh dual, contained in the Spatial Twist Continuum (STC), represents the
connectivity of an all-hexahedral mesh. The STC consists of an arrangement of surfaces,
called whisker sheets. The mesh dual isthe facets of intersection of these sheets. Each sheet
represents alayer of elements, and each curve of intersection (whisker chord) represents a
column of elements. A points of triple sheet intersection (STC vertex) represents a
hexahedron, with the sheets bisecting the hexahedron in each of the three principle
directions. Sheets are represented using a set of inter-dependent, topologically two-
dimensional sheet diagrams. This paper introduces an algorithm, called whisker weaving,
that operatesin STC space to build an unstructured all-hexahedral mesh given an all-
quadrilateral surface mesh.

The basic whisker weaving algorithm consists of four steps; 1) constructing the initial
sheets by identifying loops of faces on the surface mesh, 2) choosing three uncompleted
chords to make awhisker hex, 3) actually making the hex by crossing the chords, and 4)
checking for and resolving mesh invalidities, hopefully resulting in the compl etion of some
chords. Steps 2-4 are repeated until there are no more uncompleted chords, meaning the
mesh connectivity is completely specified. Besides the basic types of invalidities, some
additional cases arise and are resolved for problems with an irregular surface mesh. Most
of these connectivity problems were similar to those encountered in the plastering
algorithm[ 7], and are perhaps germane to advancing front algorithms.

The whisker weaving algorithm is a powerful method for deriving the connectivity of an
all-hex mesh given a surface mesh. By considering only connectivity constraints and
ignoring most geometric issues, the whisker weaving algorithm reduces the meshing task
to amuch easier problem. The algorithm is also fast, in that operations are local and
expensive geometric embedding and intersection calculations are avoided. The algorithm
is boundary sensitive, meaning that it places any poorly shaped elements far from the
boundary. Thisis an advantage in structural analysis, since the geometric boundary is
where analytic boundary conditions and loads are usually applied. The algorithm is
orientation insensitive as well, so that rotating the input and re-meshing resultsin the same
mesh.

At present, the whisker weaving implementation produces knife elements, which it leaves
in place. Although collapsing these knivesisimplemented and producesafully valid mesh,
this introduces mesh distortion, especially on the surface. An approach based on driving
these knives using the STC data has been implemented, and there are a number of other
approaches that are being explored as well.[§]

The whisker weaving algorithm outputs the compl ete connectivity of an all-hexahedral
mesh. An algorithm for deriving nodal connectivity and position has been described in
another paper [16].

The whisker weaving algorithm has been shown to weave several non-trivial geometries
and/or surface meshes. Typical mesh sizes are in the range of 100-200 elements. Further
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research is needed to enable the algorithm to handle more complicated problems. For
topologically ball geometries, thereisno fundamental reason why whisker weaving cannot
generate an all-hex mesh given any even surface mesh (no algorithm can generate a
compatible all-hex mesh if the surface mesh has an odd number of quadrilaterals). Various
strategies are being explored for extending the algorithm to topologically non-ball volumes
(i.e. volumes with handles). For these volumes, in order for there to exist an all-hex mesh,
the surface mesh must satisfy certain additional constraints.[12]
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